INTRODUCTION
Graphene nanoribbons (GNRs) are narrow stripes of graphene, where quantum confinement induces a bandgap in the electronic structure, which can be precisely engineered by tailoring their size and morphology 1, 2 . Although GNRs have been obtained by several techniques, including patterning of graphene 3 and unzipping of carbon nanotube 4, 5 , only bottom-up approaches, such as surface-assisted [6] [7] [8] [9] and solution-mediated 10, 11 synthesis, offer the degree of structural control needed to determine their optical and electronic properties. Particularly appealing is their integration in optoelectronics devices 12 , to fully exploit the presence of a direct bandgap. In 3 addition, the appearance of novel features related to the GNR one-dimensional character has been predicted, including strong excitonic effects that may lead to enhanced light absorption and amplification [13] [14] [15] . However, optoelectronic devices made of bottom-up GNRs have so far been limited to a moderate light response 16 , likely as a consequence of the relatively high series resistances of these devices, spoiling the intrinsic properties of the GNRs.
Graphene can be efficiently employed as transparent electrodes 17 and as the contact material for other low-dimensional systems, such as transition metal dichalcogenides [18] [19] [20] . In particular, socalled all-graphene devices have been recently proposed 21 , suggesting that the graphene/GNR junction can be suitable to make good electrical contacts eventually leading to better performances than conventional semiconductor-metal devices. In this context, we have recently shown that the use of graphene electrodes to inject current in a layer of surface-synthesized chemical vapor deposition (CVD) -grown GNRs is suitable to realize short channel devices (100 -200 nm)
showing high ON-state currents and field-effect transistor (FET) behavior 9 .
Here we demonstrate the sensitive phototransistor performances of our all-graphene devices, where the channel is made of a layer of structurally defined GNRs 9 and the source / drain electrodes are made of multilayer epitaxial graphene (MEG) grown on the C face of SiC 22 . The large optical bandgap of the GNRs (~1.8 eV) enables field-effect transistor (FET) operations as well as light absorption and photocurrent generation. Due to the good matching between the graphene electrodes and the flat layer of the CVD-grown GNRs 9 , carriers and photo-generated carriers are efficiently extracted from the devices resulting in high current on/off ratios and enhanced photosensitivity. Our devices show a gate-tunable photocurrent with a photoresponsivity 4 approaching ~ 10 6 A/W in the broad visible-UV range for incident power below 1 pW. As a consequence the devices show the capability to detect signals down to the sub-fW range.
EXPERIMENTAL SECTION

Fabrication of the graphene electrodes.
Multilayer epitaxial graphene devices were obtained on on-axis SiC(000-1) semi-insulating wafer dice following a previously reported procedure [23] [24] . We determine an average thickness of 5 graphene layers by Raman spectroscopy (see Supporting Information Figure S1 ) 23, 35 . The devices are realized by electron beam lithography, metal (Cr/Au) evaporation and oxygen plasma etching to pattern the device geometry and to realize the gap of about 100-200 nm. We remark that pristine graphene devices (described in the Supporting Information Figures S2-S4) show a very small gate dependence (< 10% of current modulation) with signature of ambipolar and no detectable light induced current.
GNR synthesis and transfer.
Structurally defined chevron-type GNRs with well-defined edge structure (see inset of Figure 1a ) have been grown from 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene as the monomer by the ambient pressure CVD method under a mixture of Ar and H2, following a reported procedure 9 on a gold/mica substrate. Briefly, in a horizontal tube furnace (Nabertherm, RT 80-250/11S), the monomer was sublimed at 250-325 °C with a heating belt (Thermocoax Isopad S20) onto the Au/mica substrate, which was maintained at 200-250 °C under gas flow of Ar (500 s.c.c.m.) and H2 (100 s.c.c.m.). After heating at the same temperatures for another 5-30 min, the substrate was further annealed at 400-450 °C for 15 min. More details on the synthesis are given in Figures S5-S6 of the Supporting Information. The GNR layers have been comprehensively characterized through Raman spectroscopy, X-ray photoelectron 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 spectroscopy (XPS), high-resolution electron energy loss spectroscopy (HREELS) and scanning tunneling microscopy, which corroborated their high quality comparable to the GNRs fabricated under the UHV conditions 6, 9 .
The final devices are obtained by transfer the resulting GNR film on the pre-fabricated MEG electrodes without further fabrication (lithography) processes. The transfer process is performed according to the following procedure 9 : the sample is spin coated with a PMMA thin film as a mechanical support. The immersion in a hydrofluoric acid (HF) (40 wt. %) solution for several hours etch the mica away; after this step the samples are cleaned in ultrapure water; the gold film is removed by a commercial gold etchant (Sigma-Aldrich), leaving the GNR/PMMA film floating on water surface, which is then transferred on the new substrate with graphene electrodes. The PMMA film is finally removed with hot acetone and the sample is cleaned in isopropyl alcohol. .
We note the relatively high ON-state current value (Isd > 10 nA for Vsd ~ 1 V) that we ascribe to the reduced contact resistance at the GNR/graphene interface 9 . This leads to a high ON/OFF current modulation up to ~10 4 for Vsd = -0.5 V.
Photoconductive properties.
We now turn to the photoconductive properties of our devices. The light-dependence of the output current is described in Figure 3a , where the Isd-Vsd characteristics with Vg = 0 V are presented with and without illumination (white lamp with measured intensity of 3.6 mW/cm 2 at 550 nm). The presence of light induces a strong increase in Isd, doubling its value for Vsd > 1 V. The generated photocurrent (Iphoto = Ilight -Idark) has a nonlinear dependence on the source bias and can exceed several tens of nA, that is at least one order of magnitude more than previous GNR-based (with metallic electrodes) devices 16 , for similar bias and incident illumination intensity. Figure 3b provides the dependence of the photocurrent on the gate voltage, where for each gate value the current is first measured under illumination and then 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 in the dark. We found that the photo-generated current is strongly gate dependent, which may be important for practical applications where an electrically tunable light-induced output is required. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Based on these observations, we propose a simple model for the operation of the devices as depicted in Figure 4c . Considering only the essential features of the device, the GNR film channel is schematically represented by the energy band structure of a homogenous semiconductor, and the MEG electrodes are represented by the band structure of one graphene layer 23, 29 . To account for the non-linearity and the asymmetry of the Isd-Vsd curves shown in Figure 2 , we consider the presence of a Schottky-type barrier at the main interface between the GNR film and the graphene electrodes. The relatively high contact resistance can also explain the current saturation observed for Vg > 0 V, where the electric field is no longer effective in tuning the device intrinsic resistance 30 .
Ohmic contacts with low resistances have been reported for MoS2 devices [18] [19] [20] using monolayer graphene as the electrode, exploiting its electrically tunable workfunction. This effect is possibly masked in our devices by the use of multilayer graphene with weak gate dependence ( Figure S4 of the Supporting Information). On the other hand, we can safely ascribe the observed field effects to the GNR film only.
When Vg ≥ 0 V, the Fermi level of the MEG electrode is aligned with the conduction band of the GNRs and the current flows through the device upon the application of a bias voltage via thermoionic and tunnel effects (Figure 4c-left) . Illuminating the sample with a light source of energy greater than the optical bandgap of the GNR film (eV) results in an increase of the current, because of the photo-induced generation of electron-hole pairs in addition to the promotion of carriers across the barrier (Figure 4c-center) . Both mechanisms become more 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 efficient as the photon energy is increased, explaining the observed photocurrent dependence on . The extraction of the photo-generated carriers through the barrier is assisted by the application of a finite source-drain bias, resulting in the nonlinear dependence of Iphoto versus Vsd. Lowering the gate voltage causes an increase of the interface barrier and the depopulation of the carrier in the GNR channel. When Vg < -30 V, the device is turned off and no current is flowing with or without illumination (Figure 4c-right) . The sublinear dependence of Iphoto versus incident power indicates a saturation of the available states for the photo-generated pairs and a decrease of the carrier extraction efficiency.
Estimation of the photoresponsivity.
We now proceed to the quantitative evaluation of the light response of our devices. One of the most important parameters for a photosensitive device is its external photoresponsivity R defined as the ratio between the photo-induced current and the incident light power. To determine Pinc we need to estimate the device active area, which in our case is given by the GNR layer channel plus the contacts region with the multilayer graphene electrodes. Taking into account that no measurable light induced signal was observed in the pristine multilayer graphene (see Supporting Information Figure S3 ), we estimate as an upper limit of the device active area the square of 1m × 1m shown in Figure 1b . This leads to the calculated R given in Figure 5a as a function of the incident power. The photoresponsivity increases as the incident power is reduced, and at low incident power (< 10 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 This high value for the photoresponsivity of our devices is another indication that the photocurrent is originated by the GNR film, since the maximum value reported for pristine graphene is 8 orders of magnitude lower 31 . Efficient mechanisms for light absorption and current multiplication have been predicted for ultra-small GNRs [13] [14] [15] 32 . However, the key ingredient of our architecture is the use of graphene electrodes, resulting in a more efficient current injection/extraction with respect to previously reported GNRs-based devices employing metal electrodes 16 . Also the fact that the contact regions are directly exposed to the incoming light (and not below electrodes of thickness of several tens of nanometer) certainly plays an important role in the increased responsivity. Finally, it is worth to stress the use of a film of flatly lying GNRs grown by a surface-assisted method 9 , avoiding their aggregation, to maximize the interaction with the electrodes and obtain good electrical contacts.
Time dependence of the photocurrent. In Figure 5b we present the time-resolved measurements of the photocurrent, by showing the temporal evolution of the drain current when switching on and off the light source. We found that the current has a rise time of typically ~ 25 ms and decays back to the original value in ~ 75 ms after the light is turned off. Our results can be interpreted by considering the presence of charged defects, which trap the photo induced holes allowing for the extraction of multiple electrons for every incident photon thus contributing to the photocurrent, further enhancing the sensitivity of the devices. When the light is switched off, the carriers are released back to the circuit and the current decays back to the initial value at timescales which depend on the characteristic lifetimes of these long-lived states. Our response times are in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 ) the relatively slow response time may limit their practical applications.
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